Mammalian mtDNA is packaged in DNA-protein complexes denoted mitochondrial nucleoids. The organization of the nucleoid is a very fundamental question in mitochondrial biology and will determine tissue segregation and transmission of mtDNA. We have used a combination of stimulated emission depletion microscopy, enabling a resolution well below the diffraction barrier, and molecular biology to study nucleoids in a panel of mammalian tissue culture cells. We report that the nucleoids labeled with antibodies against DNA, mitochondrial transcription factor A (TFAM), or incorporated BrdU, have a defined, uniform mean size of ∼100 nm in mammals. Interestingly, the nucleoid frequently contains only a single copy of mtDNA (average ∼1.4 mtDNA molecules per nucleoid). Furthermore, we show by molecular modeling and volume calculations that TFAM is a main constituent of the nucleoid, besides mtDNA. These fundamental insights into the organization of mtDNA have broad implications for understanding mitochondrial dysfunction in disease and aging. mitochondria | nanoscopy M itochondria have evolved from eubacteria-like precursors and the mitochondrial DNA (mtDNA) represents a vestige of the ancestral genome of the endosymbiont (1) . The mtDNA was discovered in the 1960s by electron microscopy analysis of chicken tissue sections (2) and has a contour length of 5 μm (3). The mammalian mtDNA is a highly compacted genome of ∼16.5 kb and is very gene-dense, despite its small size, encoding 13 proteins, 2 ribosomal RNAs, and 22 tRNAs (4, 5) . The mtDNA was initially considered to be naked, unprotected, and vulnerable to damage. However, work during the last decades has clarified that mtDNA is protein-coated and packaged into aggregates denoted nucleoids (6) . In budding yeast, the high-mobility-group (HMG) box domain protein ABF2 binds and fully coats mtDNA and is essential for mtDNA maintenance (7) . The mammalian ABF2 homolog, mitochondrial transcription factor A (TFAM), was first identified as a mitochondrial transcriptional activator by a biochemical approach (8) and subsequent work has confirmed that it is an indispensable component of the basal mtDNA transcription machinery (9) . Similar to other HMG box proteins, TFAM is able to bind, wrap, bend, and unwind DNA without sequence specificity (10) . Furthermore, TFAM is quite abundant and coats mtDNA in Xenopus laevis (11) , chicken (12) , mouse (13, 14) , and human cells (15, 16) . In vivo data from mouse models has demonstrated that disruption of the Tfam gene leads to loss of mtDNA and embryonic lethality (17) , whereas increase of TFAM protein levels leads to increase of mtDNA copy number (13) . Confocal microscopy has shown that mtDNA and TFAM colocalize in mammalian cells and are present in punctuate aggregates corresponding to nucleoids (18, 19) . A large number of putative nucleoid proteins have been identified by using biochemical approaches to identify proteins that can be cross-linked to or copurified with mtDNA (20) or that colocalize with mtDNA on confocal microscopy (18, 19) . Association of a protein that is essential for mtDNA maintenance with mtDNA does not necessarily mean that it has a role in structural organization of the nucleoid. Currently, TFAM is the only protein that fulfils a more stringent definition of a structural component of the mammalian nucleoid (21) . It has been reported that upregulation of mtDNA copy number can result in nucleoid size variability and the formation of larger nucleoids (22) . Confocal microscopy studies of nucleoids have reported sizes of these structures that are close to or even substantially below the diffraction limit of ∼260 nm. Hence, conventional light microscopy is not suited to determine the size of nucleoids. Furthermore, an understanding of principles governing the replication and segregation of mtDNA (21) will require a definition of the mtDNA copy number per nucleoid. The organization of the nucleoid is thus a very fundamental question in mammalian mitochondrial genetics. We have used stimulated emission depletion (STED) microscopy (23, 24) , enabling a resolution well below the diffraction barrier, to study mitochondrial nucleoids and report here that they have a very uniform mean size in a variety of mammalian species. In addition, by combining molecular biology and STED microscopy, we report that many nucleoids contain just a single mtDNA molecule and that TFAM is the main protein component.
Results

Mitochondrial Nucleoids Have a Uniform Mean Size in Mammalian
Cells. Confocal imaging of mitochondrial nucleoids visualized by DNA antibodies results in a punctuate pattern within the mitochondrial network of human fibroblasts (Fig. 1A) . Image analysis revealed that the nucleoids have an apparent average diameter of ∼300 nm ( Fig. 1 B and D) , which is close to the lateral resolution limit of light microscopy. Confocal microscopy can thus not be used to assign a size to mammalian nucleoids because their actual sizes may be obscured by the diffraction-limited resolution. To accurately determine nucleoid size and size variability, we used STED microscopy. We found that the nucleoids labeled with DNA-specific antiserum had a considerably smaller size than the one suggested by confocal microscopy ( Fig. 1 B and Author contributions: C.K., C.A.W., N.-G.L., and S.J. designed research; C.K., C.A.W., H.S., and M.F. performed research; C.K., C.A.W., and H.S. analyzed data; and C.K., C.A.W., N.-G.L., and S.J. wrote the paper.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1109263108/-/DCSupplemental. C). We quantitatively analyzed super-resolution micrographs and found that the mean apparent diameter of nucleoids was 99 nm in human fibroblasts ( Fig. 1 C and D) . The STED microscopy set-up we used enables a resolution of 40 to 50 nm (25) and, hence, the observed nucleoid diameter of ∼100 nm represents the true size of antibody-labeled nucleoids. We proceeded to study a variety of mammalian cell lines, such as human primary culture fibroblasts (Fibro), human cervix adenocarcinoma cells (HeLa), human osteosarcoma cells (U2OS), human glioblastoma cells (U373), culture mouse embryonic fibroblasts (MEF), African green monkey (Cercopithecus aethiops) kidney epithelial cells (Vero), and potoroo (Potorous tridactylus) kidney cells (PtK2), by using DNA antibodies and found an average nucleoid size of 271 ± 23 nm (n = 22,918) by confocal microscopy (Fig. 1D) . Unexpectedly, STED microscopy revealed a very uniform nucleoid size of 85 to 111 nm (mean 102 ± 0.3 nm, n = 38,777) in all studied mammalian species (Fig. 1D) . We proceeded to use TFAM as an independent marker of nucleoid size to confirm the results obtained by using DNA antibodies. Confocal microscopy with antibodies detecting TFAM in human fibroblasts revealed a punctuate pattern (Fig. 1E ) very similar to the one observed with DNA antibody staining (Fig. 1A) . Double staining with TFAM antibodies and the DNA-binding dye DAPI resulted in the expected colocalization of both markers in all studied nucleoids (Fig. S1 ). We proceeded to analyze human fibroblasts, Vero cells, and PtK2 cells with TFAM antibodies. We found a mean nucleoid size of 238 ± 21 nm (n = 7,414) by confocal microscopy ( Fig. 1 F and H) and a uniform nucleoid size of 88 to 134 nm (mean 107 ± 0.6 nm, n = 11,009) by STED microscopy ( Fig. 1 G and H) . Our findings thus show that the antibodydecorated nucleoid has a very uniform mean size of ∼100 nm in all mammals, and by subtracting the estimated size of the antibodies (26, 27) , the nucleoid can be predicted to have a diameter of ∼70 nm. The uniform mean nucleoid size in mammals suggests a strong evolutionary conservation in the way mtDNA is organized and maintained.
More Nucleoids per Cell Are Visible with STED than with Confocal Microscopy. Using confocal microscopy we found on average 1,184 ± 59 nucleoids per cell with DNA antibodies (n = 486 cells) and 964 ± 50 nucleoids per cell with TFAM antibodies (n = 325 cells) in human fibroblasts. Our initial analyses suggested that the number of nucleoids observed by STED microscopy were larger than the number observed by confocal microscopy ( Fig. 1 B, C , F, and G). When we compared images of different mammalian cell lines taken with a STED and confocal microscope, we observed on average ∼1.6 times more nucleoids when using antibodies against DNA and ∼1.9 times more nucleoids when using an antiserum against TFAM ( Fig.  2A ). Using these factors one can use confocal image data to calculate the accurate number of nucleoids.
Many Nucleoids Contain a Single Copy of mtDNA. To quantify the number of mtDNA and TFAM molecules per nucleoid, we combined STED microscopy with molecular biology approaches. We used DNA antibodies and confocal microscopy in combination with the factor described above and found 1,883 ± 106 nucleoids per human fibroblast. Next, we used quantitative real-time PCR (qRT-PCR) to calculate the mtDNA copy number per cell by using cloned mtDNA fragments as a standard. We found on average 2,721 ± 156 copies of mtDNA per human fibroblast when using three different Taqman probes (Fig. 2C ). There are thus on average ∼1.4 mtDNA molecules per nucleoid, which indicates that many nucleoids just contain a single copy of mtDNA. TFAM Is a Main Component of the Nucleoid. We proceeded to calculate the number of TFAM molecules per cell. We expressed a His-tagged form of TFAM lacking the mitochondrial targeting signal and analyzed purified protein with MALDI mass fingerprinting to confirm identity. Further mass spectrometry analyses showed that the recombinant protein was free from major contamination and had a molecular mass of 25.3 kDa (Fig. S2A) , which is very close to the predicted molecular mass of 25.4 kDa (8) . With the recombinant TFAM protein as standard, we found on average 0.11 pg TFAM per cell by Western blot analyses of total protein extracts from human fibroblasts (Fig. 2B and Fig.  S2B ), which corresponds to 2.7 × 10 6 TFAM molecules per cell or 1.4 × 10 3 TFAM molecules per nucleoid (Fig. 2C ). There are thus ∼1,000 TFAM molecules per mtDNA molecule or one TFAM molecule per 16.6 bp of mtDNA in human fibroblasts, in good agreement with our previous estimates from mouse (13, 14) . There is no available atomic structure of the complete intramitochondrial form of TFAM bound to mtDNA, and we therefore predicted the 3D structure by Phyre and I-Tasser (Fig.  2 D and E) . The calculated volume of TFAM bound to mtDNA is 1.1 × 10 5 Å 3 if an approximate cylindrical volume is used (Fig.  2D ) or 3.0 × 10 4 Å 3 if a more detailed solvent excluded volume is calculated (Fig. 2E) . These predicted sizes argue that a single spherical nucleoid of an apparent diameter of ∼100 nm maximally can contain 5.0 × 10 3 (cylindrical volume) or 17.5 × 10 3 (solvent excluded volume) TFAM/mtDNA complexes. However, the real size of the nucleoid is predicted to be ∼70 nm if the volumes of the bound antibodies are deducted (26, 27) , meaning that it could contain a maximally 1.7 × 10 3 (cylindrical volume) or 6.0 × 10 3 (solvent excluded volume) TFAM/mtDNA complexes, which are in reasonably good agreement with the experimentally determined number of 1.4 × 10 3 TFAM molecules per nucleoid. TFAM is thus likely a main protein component of the nucleoid, but this estimate does not exclude that other proteins also are important structural elements.
Nucleoids Are Frequently Observed in Clusters. A subset of single nucleoids that were observable by confocal microscopy could be resolved into clusters of multiple nucleoids when analyzed by STED microscopy ( Fig. 1 B, C, F , and G). We found that a surprisingly large fraction (26-54%) of all nucleoids identified by DNA antibodies and confocal microscopy could be resolved into clusters containing multiple nucleoids when analyzed by STED microscopy in all studied mammalian cells ( Fig. 3A; for details on the algorithms used see SI Materials and Methods). Similarly, a substantial fraction of nucleoids identified with TFAM antibodies could be resolved into multiple nucleoids by STED microscopy (Fig. 3B) .
Replication of mtDNA Only Occurs in a Subset of Nucleoids. To gain further insights in the structure of mitochondrial nucleoids we used bromodeoxyuridine (BrdU), which is a synthetic nucleoside that is incorporated into newly synthesized DNA and is detectable by antibodies. The mean diameter of BrdU-stained nucleoids in human fibroblasts was 290 nm with confocal microscopy and 109 nm with STED microscopy (Fig. 3 C-E) , which is in very good agreement with the results obtained above (Fig. 1 D and  H) . Only 18% of the nucleoids identified by confocal microscopy contained more than one BrdU-containing nucleoid when analyzed by STED microscopy after 60 min of BrdU incubation (Fig.  3F ). On average, we observed only ∼1.3 times more nucleoids with antibodies against BrdU when we compared results from STED and confocal microscopy (Fig. 3F) . These results indicate that most frequently only one nucleoid in a cluster has ongoing mtDNA replication.
Nucleoid Distribution. To clarify if the distribution of nucleoids changes with the distance to the nucleus, we determined for each nucleoid the distance to its nearest neighbor as a function of the distance to the nucleus (Fig. 4 A and B) . We observed an increase in the nearest neighbor distances when comparing perinuclear nucleoids to those in the cell periphery in 93% of the DNA antibody-labeled cells (n = 127 cells) and 94% of TFAM antibody-labeled cells (n = 256 cells) (Fig. 4C) . We proceeded to use STED microscopy to analyze if there was any difference in clustering of nucleoids in relation to the distance from the nucleus. We compared the ratio of nucleoids detected by STED versus confocal microscopy and found no relevant difference between nucleoids with a location proximal (1.53 ± 0.04; n = 32 cells) or distal (1.48 ± 0.05) to the nucleus (Fig. 4D) . In addition, with TFAM antibodies there was no relevant difference between nucleoids proximal (1.61 ± 0.03; n = 27 cells) and distal (1.58 ± 0.05) to the nucleus (Fig. 4D) . In summary, whereas the average nucleoid-to-nucleoid distance is smaller in proximity to the nucleus, the clustering is independent of the distance from the nucleus. These findings indicate that although there are more proximal nucleoids, there is a very efficient distribution of nucleoids, which may ensure good access to mtDNA-encoded gene products throughout the mitochondrial network.
Discussion
We have performed STED super-resolution imaging of nucleoids and report a surprisingly uniform apparent mean nucleoid size of ∼100 nm in a variety of mammalian cells. There are just a few reports published about the size of mitochondrial nucleoids in mammals and a size of 0.1 to 0.3 μm was reported in cells transfected with Twinkle-GFP or cells imaged with antibodies against TFAM or mtSSB (18). A nucleoid size of 0.4 to 0.9 μm was reported with PicoGreen and antibodies against DNA in mammalian cells imaged by confocal microscopy (28) . We did an extensive confocal microscopy image analysis of a panel of mammalian cell lines and found a mean nucleoid size of ∼270 nm, which is close to the lateral optical resolution limit of light microscopy. We used STED microscopy in conjunction with three different markers (i.e., DNA antibodies, TFAM antibodies, and immunodetection of incorporated BrdU) to study mammalian cell lines and all of these markers independently gave a very similar apparent mean nucleoid size of ∼100 nm. Because the antibody labeling inescapably increases the volume of the nucleoid, the determined sizes moderately overemphasize the actual nucleoid sizes. Taking this into account (26, 27) , the true nucleoid size may be estimated as ∼70 nm. Our results are consistent with transmission electron microscopy (TEM) studies that have reported sizes of ∼70 nm of immunogold-labeled single nucleoids (29) . TEM has also been used to visualize nucleoids after heavy metal labeling of mtDNA and the nucleoid sizes on published images are consistent with our results, although no detailed quantification was performed (3, 30) . Determination of nucleoid size with electron microscopy is difficult as the analyzed ultrathin sections often only contain part of the nucleoid (30) , which may explain the large range (32-132 nm) of nucleoid sizes in some reports (29) . An additional issue with TEM is that reconstruction of serial sections is difficult, meaning that typically only a subset of the nucleoids in a cell are visualized. The STED microscopy imaging approach we used has the advantage that it involves no tissue sectioning and allows an automated unbiased imaging of all nucleoids of a cell.
We also report that the TFAM protein is a main component of the mammalian nucleoid, consistent with its conserved role in mtDNA maintenance in mammals and other vertebrates (9) . There are some reports that there is only one TFAM protein molecule per several hundred base pairs of mtDNA (31) . However, we report here a much higher abundance and found one TFAM protein molecule per ∼16.6 bp of mtDNA, which is in good agreement with the molecular modeling results we present. The finding that TFAM is very abundant is consistent with several other reports, demonstrating one TFAM molecule per 10 to 20 bp of mtDNA (13) (14) (15) . In addition, biochemical characterization of purified nucleoids has shown that TFAM is the main protein component (20) . TFAM is thus likely the main factor packaging and organizing mtDNA into nucleoids, but this finding does not exclude that other proteins may also be of importance.
The copy number of mtDNA per nucleoid is of fundamental importance, as this arrangement will influence germ-line transmission (32) and segregation of mtDNA in somatic tissues in disease and aging (21, 33) . It has been reported that each nucleoid contains on average 6 to 10 copies (29), 2 to 8 copies (19) , or ∼5 copies of mtDNA (34) . We used confocal microscopy analyses and qPCR determination of mtDNA copy number and found on average ∼2.3 mtDNA molecules per nucleoid in human fibroblasts.
However, with STED microscopy we detected ∼60% more nucleoids per cell than with confocal microscopy, and each nucleoid therefore only contains on average ∼1.4 mtDNA molecules. This finding means that the majority of the nucleoids just contain a single copy of mtDNA. This arrangement is consistent with the so-called "faithful" nucleoid model (34) , whereby nucleoids as a general rule do not exchange genomes with each other.
Interestingly, a large proportion of the nucleoids detected on confocal microscopy contained two or more nucleoids when imaged by STED microscopy. The existence of clusters of nucleoids could, at least partly, be the result of a random distribution. We found that cluster of nucleoids were occurring both proximally and distally to the nucleus, which argues that the cluster may not be explained by juxtaposition of newly replicated mtDNA molecules, as others have reported that mtDNA replication preferentially occurs close to the nucleus (35) . Another possibility is that the clusters represent some type of higher order structural/functional arrangement, consistent with the idea that there is a layered structure of protein complexes interacting with nucleoids (20) .
In summary, we present here an improved definition of the mammalian mitochondrial nucleoid and report that it is a defined structure with a mean size of ∼100 nm (antibody-decorated) containing on average ∼1.4 mtDNA molecules. This means that the smallest inheritable or segregating unit of mtDNA is a single copy. These findings have broad implications for understanding segregation and transmission of mtDNA in disease and aging.
Materials and Methods
Cell Culture. In this study seven different cell lines were analyzed: HeLa (human cervix carcinoma), U2OS (human osteosarcoma), U373 (human glioblastoma astrocytoma), Vero (Cercopithecus aethiops kidney), PtK2 (Potorous tridactylus kidney), MEF, and primary human skin fibroblasts. The cells were cultivated in DMEM with Glutamax and 4.5 g/L glucose (Invitrogen) supplemented with 50 U/mL penicillin, 50 μg/mL streptomycin, 1 mM Na-pyruvate, and 10% (vol/ vol) FCS (Invitrogen) at 37°C, 5% CO 2 .
Cell numbers were determined by a Vi-CELL XR system (Beckman-Coulter).
Sample Preparation for Fluorescence Microscopy. For immunolabeling, cells were grown on coverslips over night, fixed with 1% to 8% (wt/vol) formaldehyde in PBS (137 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , pH7) for 5 min at 37°C (for TFAM labeling) or methanol (abs.) for 5 min at −20°C (for DNA labeling), extracted with 0.5% (vol/vol) Triton X-100 in PBS, blocked with 5% (wt/vol) BSA in PBS, and incubated with monoclonal mouse antibodies against TFAM (Abnova), DNA (PROGEN), or TOM20 (Santa Cruz). The primary antibodies were detected with secondary antibodies (sheep anti-mouse and goat anti-rabbit; Jackson Immuno Research Laboratories) custom-labeled with ATTO532 (AttoTec) or KK114 (36) . After immunolabeling, the samples were mounted in MOWIOL with 0.1% (wt/vol) 1,4-Diazabicyclo [2.2.2]octane (DABCO) and 2.5 μg/mL DAPI (Sigma Aldrich). BrdU labeling was performed using the 5-Bromo-2′-deoxy-uridine Labeling and Detection Kit I (Roche Diagnostics) according to the manufacturer's protocol. In brief, the cells were incubated for 60 min in BrdU containing cell-culture medium. After washing in cell-culture medium without BrdU and fixation in ethanol fixative (15 mM glycine; ∼70% ethanol, pH2), the BrdU labels in the DNA were detected using a BrdU-specific antibody contained in the kit. The primary antibodies were detected as indicated above. Mounting of the samples was performed in Mowiol.
Quantitative Western Analysis. Recombinant human TFAM was purified as described previously (37) and analyzed by mass spectrometry (see below). The concentration was determined by OD280 measurements and Criterion stain free gel PAGE (Bio-Rad) with alcohol dehydrogenase from Saccharomyces cerevisiae (Sigma-Aldrich) as standard. For PAGE analyses with Criterion Tris-HCl Gels (Bio-Rad), cell pellets were resuspended in a buffer containing 100 mM Tris-Cl, pH6. Reagents (GE Healthcare.). We quantified human TFAM protein levels by using a standard of recombinant human TFAM protein.
Mass Spectrometry. The sample was desalted using ZipTip C4 (Millipore) according to the manufacturer's instructions and eluted with 50% acetonitrile containing 1% formic acid directly into an off-line nano flow needle (EconoTipTM; New Objective). Electrospray ionization (ESI) experiments in positive ESI-MS mode were performed with a hybrid quadrupole-orthogonal acceleration time-of-flight mass spectrometer (XevoTM Q-Tof; Waters). The ESIsource was operated at a temperature of 100°C with cone gas flow of 20 L/h. To the off-line nano flow needle, a potential of 3,500 V was applied. The cone voltage was 24 V and the collision energy was set to 6 V. Full-scan mass spectra were acquired in the continuous data acquisition mode in the range m/z 600 to 2,300 at a scan rate of 1 s and an interscan delay of 0.025 s per scan. MaxEnt 1 in the MassLynx 4.1 softare package (Waters) was used for deconvolution of the multiple charged ion series with following parameters: resolution 1, width at half height 0.6, range 957:1,435, minimum intensity ratios left/right 50%.
Structure Prediction and Volume Calculation of hTFAM Bound to DNA. The sequence of human TFAM (hTFAM) without the mitochondrial targeting peptide, comprising residues 43 to 246 was used for structure prediction by Phyre (38) and I-Tasser (39). Structural similarity was found to the NMR structure of the hybrid protein SRY.B derived from human SRY and rat HMGB1 (PDB accession code 2GZK; E-value 1.9 × 10 −17
), which contains two tandem HMG boxes bound to a double stranded DNA sequence of 16 bp (40) . In addition, the sequence of the intramitochondrial form of human TFAM was sent to the structure prediction server I-Tasser (39), which calculated a complete model with a confidence score of −0.99. The DNA prediction by Phyre was modeled into the TFAM structure built by I-Tasser by aligning the two models using the SSM method followed by manual adjustments in COOT (41) , resulting in a final model with the dimensions of x = 66 Å, y = 45 Å, and z = 39 Å. Dimension calculations of the hTFAM-DNA model and figures were prepared with Pymol (http://www.pymol.org/). Volume calculation of the model was performed either from the dimensions calculated by Pymol or from the coordinate file by the program VOIDOO (42) .
Quantification of mtDNA Content. Cell pellets were lysed in QuantiLyse buffer by incubation at 50°C for 30 min and then 95°C for 10 min (43) and used for the subsequent qPCR reaction with TaqMan probes for human MT-ND1, MT-ND2 and MT-7S (Applied Biosystems) on a 7900HT Fast Real-Time PCR System (Applied Biosystems) according to the manufacturer's protocols. Subcloned fragments of human mtDNA (48-743 bp, 2,573-3,423 bp, 4,121-5,030 bp of human mtDNA according to GenBank NC_012920) in plasmids were used as standards for the absolute quantification of mtDNA.
Microscopy and Image Analysis. Detailed description can be found in SI Materials and Methods.
